Metaxin, a mitochondrial outer membrane protein, is critical for TNF-induced cell death in L929 cells. Its deficiency, caused by retroviral insertion-mediated mutagenesis, renders L929 cells resistance to TNF killing. In this study, we further characterized metaxin deficiency-caused TNF resistance in parallel with Bcl-X L overexpressionmediated death resistance. We did not find obvious change in mitochondria membrane potential in metaxindeficient (Met mut ) and Bcl-X L -overexpressing cells, but we did find an increase in the release rate of the mitochondrial membrane potential probe rhodamine 123 (Rh123) that was preloaded into mitochondria. In addition, overexpression of a function-interfering mutant of metaxin (MetaΔTM/C) or Bcl-X L in MCF-7.3.28 cells also resulted in an acquired resistance to TNF killing and a faster rate of Rh123 release, indicating a close correlation between TNF resistance and higher rates of the dye release from the mitochondria. The release of Rh123 can be controlled by the mitochondrial membrane permeability transition (PT) pore, as targeting an inner membrane component of the PT pore by cyclosporin A (CsA) inhibited Rh123 release. However, metaxin deficiency and Bcl-X L overexpression apparently affect Rh123 release from a site(s) different from that of CsA, as CsA can overcome their effect. Though both metaxin and Bcl-X L appear to function on the outer mitochondrial membrane, they do not interact with each other. They may use different mechanisms to increase the permeability of Rh123, since previous studies have suggested that metaxin may influence certain outer membrane porins while Bcl-X L may form pores on the outer membrane. The alteration of the mitochondrial outer membrane properties by metaxin deficiency and Bcl-X L overespression, as indicated by a quicker Rh123 release, may be helpful in maintaining mitochondrial integrity.
INTRODUCTION
Tumor necrosis factor-α (TNF) is a pro-inflammatory cytokine that acts as a mediator of host defense against both neoplasia and infection (Carswell et al., 1975; Old, 1985; Cerami, 1986, 1988; Rothe et al., 1992; Tartaglia and Goeddel, 1992; Tracey and Cerami, 1993) . Along with its beneficial roles in immune regulation, TNF has been implicated in the pathogenesis of both acute and chronic inflammatory diseases (Beutler and Cerami, 1988) . TNF induces cell death in numerous cell lines (Old, 1985; Beutler and Cerami, 1988; Tartaglia et al., 1993; Tewari and Dixit, 1995; Fiers et al., 1999; Li and Yuan, 1999) . The morphological characteristics of the response differ markedly between TNF-treated cell lines: KYM, MCF-7 and PC60 tumor lines die apoptotically in response to TNF-treatment (Tewari and Dixit, 1995) , whereas L929 and WEHI 164 clone 13 cells die necrotically (Beyaert and Fiers, 1994; Fiers et al., 1999) . TNFinduced apoptosis is caspase-dependent, but TNF-induced L929 cell death cannot be blocked by inhibition of caspases and is even enhanced by the caspase inhibitor zVAD (Vercammen et al., 1998) .
Both apoptosis and necrosis are initiated by TNF receptor I (TNF-RI) clustering (Tewari and Dixit, 1995) . The clustered TNF-RI recruits the death domain (DD)-containing adaptor proteins (Boldin et al., 1996; Fiers et al., 1999; Strasser et al., 2000) , which in turn stimulate caspase-8 autoactivation of the apoptosis pathway. Active caspase-8 is an initiator caspase that either acts via cytochrome c (Cyt c) release or by the direct activation of effector caspases to execute apoptosis (Goossens et al., 1995) . Like apoptosis, the necrotic pathway in fibroblasts is also initiated by TNF-RI. Receptor interacting protein 1 (RIP1) was demonstrated to be required for TNFinduced apoptosis as well as necrosis (Holler et al., 2000; Lin et al., 2004) . Recently, RIP3 was shown to be able to convert TNF-induced apoptosis to necrosis, and it was shown to be essential for necrosis in several different cell types (Cho et al., 2009; Galluzzi et al., 2009; He et al., 2009; Zhang et al., 2009) . It is known that activation of pro-apoptotic caspases, including caspase-8, and Cyt c release are not required for necrosis (Vercammen et al., 1998; Fiers et al., 1999; Goossens et al., 1999) , while the generation of TNFstimulated reactive oxygen species (ROS) in mitochondria is involved in necrosis (Neale et al., 1988; Brekke et al., 1992; Schulze-Osthoff et al., 1992; Goossens et al., 1995) . It should be noted that ROS alone is not sufficient to cause necrosis, since cells survive very well when high levels of ROS (10-100 times more than TNF-treated cells) are induced by different stimuli (Goossens et al., 1999) . Therefore, direct damage from ROS overproduction cannot be the sole driving force for TNF-induced necrosis. Some data suggest that alterations in mitochondrial properties are associated with both apoptosis and necrosis. The changes, such as mitochondrial membrane permeability transition (PT), could be very important in both type of cell death (Pastorino et al., 1996; Kroemer and Reed, 2000) .
The proteins of the Bcl-2 family regulate cell death pathways (Adams and Cory, 1998; Lotem et al., 1999; Vander Heiden and Thompson, 1999) . Overexpression of antiapoptotic Bcl-2 family members can prevent both apoptosis and necrosis . Although the mechanisms by which anti-apoptotic Bcl-2 family members function remain unclear, several models have been proposed. One is a direct sequestration model in which anti-apoptotic Bcl-2 family members directly sequester caspase activators. This model is supported by studies in C. elegans; however, there is no supporting data from mammalian cells currently (Adams and Cory, 1998) . Another model is that Bcl-2 family members govern caspase activation indirectly through their effects on the mitochondria. Because overexpression of anti-apoptotic Bcl-2 family proteins precludes all the mitochondrial changes that are associated with cell death, such as membrane permeability, these proteins may inhibit cell death by preventing the escape of the apoptogenic proteins that are harbored in the mitochondrial intermembrane space (Adams and Cory, 1998; Vander Heiden and Thompson, 1999) . Currently, the mechanism by which apoptogenic proteins are released from the mitochondria is still unclear. This release may be mediated by a specific translocation mechanism, or it can result from the rupture of the outer membrane of the mitochondria. The 3D structure of Bcl-X L suggests that Bcl-2 family proteins can also form pores in the mitochondrial membrane (Muchmore et al., 1996) . Bcl-2 family members were suggested to interact with preexisting pores, such as the permeability transition pore (Marzo et al., 1998; Shimizu et al., 1999) , which is believed to reside either in the inner membrane or across sites of contact between the inner and outer membranes. However, the available evidence is not conclusive as to whether Bcl-2 family proteins form their own pores or modulate the function of other pores. Moreover, controversial evidence exists regarding whether opening or closing the pores has an anti-apoptotic effect (Shimizu et al., 1999; Vander Heiden et al., 2000) .
We used a random gene disruption method to search for genes that are required for TNF-induced cell death Wang et al., 2001) . Metaxin is a protein that was identified by this genetic approach . Metaxin was first identified serendipitously in an attempt to establish a mouse model for Gaucher disease by introducing an A-to-G mutation into the glucocerebrosidase (GC) gene using homologous recombination (Bornstein et al., 1995) . Because the metaxin gene is located close to the GC gene, it was disrupted by this approach, which resulted in the death of mice during early gestation. Metaxin is an outer mitochondrial membrane protein and has a certain degree of sequence similarity with Tom37, a receptor in the mitochondrial general import pore (GIP) found in yeast. GIP is a preproteinconducting channel of the outer mitochondrial membrane (Pfanner and Geissler, 2001) . Recent data suggests that GIP may also be involved in metabolite transport across the outer membrane (Kmita and Budzinska, 2000; Antos et al., 2001 ). Metaxin may function as a receptor in the mammalian GIP, since anti-metaxin antibodies partially inhibit the uptake of preadrenodoxin into mitochondria in vitro (Armstrong et al., 1997) . A mitochondrial location of metaxin is required for its function in TNF-induced cell death, as truncated metaxin that does not have a mitochondrial anchor sequence (MetaΔTM/C) functions as a dominant negative mutant to attenuate TNFinduced cell death ). Here we further characterize the nature of metaxin-deficient cells and compare them with Bcl-X L overexpressing cells. Although both metaxin and Bcl-X L are mitochondrial outer membrane proteins, these two proteins did not directly interact with each other. Deficiency caused by viral insertion and impairment of endogenous wild-type metaxin by the interfering mutant MetaΔTM/C or by the overexpression of Bcl-X L , all led to an acquired resistance to TNF-induced cell death in our experimental systems. Metaxin deficiency did not affect the mitochondrial membrane potential, but it did increase the rate of preloaded rhodamine 123 (Rh123) release from mitochondria.
A similar phenomenon was observed in Bcl-X L -overexpressing cells, and the quicker Rh123 release is associated with an acquired resistance to cells death. Therefore, mitochondrial membrane permeability seems to be altered in metaxindeficient cells, which may be the cause of their death resistance.
RESULTS
Production of reactive oxygen species (ROS) is not altered in metaxin-deficient L929 cells
Our previous study showed that metaxin-deficiency in L929 fibroblasts resulted in resistance to TNF-induced cell death, which can be measured by either propidium iodide (PI) exclusion or annexin V staining ( Fig. 1A and 1B stimulation, and there was no significant difference between these two cell lines (Fig. 1E) . The slight reduction of the ATP levels in the later time points may result from the death of some cells. To confirm that the mitochondria were the major source of the measured ATP, we inhibited mitochondrial electron transport at complex III with antimycin A. Antimycin A significantly reduced ATP levels in both parental and Meta mut cells, indicating that the ATP we measured is mainly generated in mitochondria (Fig. 1E) . Therefore, metaxin deficiency did not affect oxidative phosphorylation in mitochondria.
Both metaxin-deficiency and Bcl-X L overexpression lead to an acquired resistance to TNF-induced cell death
Since Bcl-X L overexpression inhibits cell death in many cell systems, we compared TNF sensitivity in metaxin-deficient (Meta   mut   ) and Bcl-X L -overexpressing L929 cells (Bcl-X L ). As shown in Fig. 2A , Bcl-X L overexpression indeed inhibited TNF-induced L929 cell death. The level of inhibition caused by Bcl-X L overexpression is similar to that of metaxin deficiency ( Fig. 2A) . Overexpression of Bcl-X L in Meta mut cells did not further increase their resistance to TNF-induced cell killing ( Fig. 2A) . The lack of an additive effect suggests that metaxin deficiency and Bcl-X L overexpression cause the same effect on mitochondria. However, metaxin and Bcl-X L do not appear to interact directly with each other, since Bcl-X L could not be co-immunoprecipiated with metaxin when metaxin and Bcl-X L were coexpressed (Fig. 2B) . By contrast, ecotopically expressed metaxin pulled down voltagedependent anion channel (VDAC), which is an outer mitochondrial membrane protein, confirming that the overexpressed metaxin was located on the outer mitochondria membrane. To compare the effects of the perturbation of endogenous metaxin and of Bcl-X L overexpression in TNFinduced apoptosis, we used an MCF-7 line (MCF-7.3.28) that shows a typical apoptotic phenotype after TNF treatment (Janicke et al., 1998) . MCF-7.3.28 cells were transfected with Bcl-X L or with the metaxin cytosolic domain (MetaΔTM/C), which has previously been demonstrated to function in a dominant-negative fashion . TNF-induced cell killing was compared in these cell lines. As shown in Fig. 2C , interference with metaxin or overexpression of Bcl-X L similarly inhibited TNF-induced cell death in MCF-7.3.28 cells.
One line of evidence for the involvement of PT in cell death is from the observation that CsA can attenuate cell death in a number of cell lines through the inhibition of the PT . Inhibition of TNF-induced L929 cell death by CsA has been reported and its mechanism is believed to be related to the PT (Pastorino et al., 1996) . The PT pore is believed to be located across sites of contact between the inner and outer membranes, and to be formed by VDAC, cyclophilin D, and adenine nucleotide (ADP/ATP) translocases (ANTs) (Vander Heiden and Thompson, 1999; Zamzami and Kroemer, 2001) . We found that CsA inhibited TNFinduced cell death in all three L929 lines to a similar degree (35%-39% inhibition) (Fig. 3A) . The inhibitory effect of CsA on TNF-induced cell death was also observed in MCF-7.3.28 cells that express MetaΔTM/C or Bcl-X L (Fig. 3B ). This data confirms that TNF-induced cell death depends on PT, and suggests that metaxin deficiency or Bcl-X L overexpression did not affect CsA's regulation of the PT pore.
Metaxin-deficiency and Bcl-X L -overexpression did not alter mitochondrial membrane potential (Δψ m ) but reduced staining of membrane-potential probes in the presence of FCCP The loss of inner mitochondrial membrane potential resulted from increases in PT are believed to be essential in many cell death processes (Pastorino et al., 1996; Kroemer and Reed, 2000) . The proton gradient is the major source of mitochondrial membrane potential in cells undergoing oxidative phosphorylation. Carbonyl cyanide p-(trifluormethoxy)phenylhydrazone (FCCP) is an uncoupler of oxidative phosphorylation in mitochondria, dissipating the proton gradient generated by the electron transport chain (Gardner and Collins, 2000) . To examine the effect of metaxin deficiency and Bcl-X L overexpression on mitochondrial Δψ m , we used the mitochondrial membrane potential probes Rh123 and 3'3'-dihexyloxacarbocyanine iodode (DiOC (6) ) to compare Δψ m in the different L929 lines. Accumulation of Rh123 in TNF-sensitive and TNF-resistant L929 cells was similar (controls, Fig. 4A ). The same result was obtained when DiOC (6) was used (data not shown). As expected, pretreatment of parental, Meta mut , and Bcl-X L cells with FCCP resulted in a decreased uptake of Rh123 (Fig. 4A) or DiOC (6) (data not shown). Interestingly, the levels of these dyes in the mitochondria in the presence of FCCP were significantly different. Metaxin-deficient and Bcl-X L -overexpressing cells had less Rh123 (Fig. 4A) or DiOC (6) (data not shown) accumulation when compared with parental cells (20% and 22% of control vs. 40% of control). Pretreatment of cells with TNF did not affect Rh123 accumulation after FCCP addition (data not shown).
To further examine this phenomenon, we incubated cells with Rh123 and then treated cells with FCCP. Rh123 intensity was quickly reduced in all three lines in the first four hours, and thereafter maintained (Fig. 4B) . Parental cells retained a higher level of Rh123 compared to Meta mut -and Bcl-X Ltransfected lines, which is consistent with the results obtained in Fig. 4A . As for the results obtained with pretreatment of FCCP, TNF-treatment did not influence Rh123 levels (data not shown).
Rh123-or DiOC (6) -staining in the presence of FCCP could be achieved by nonspecific binding of the dye to membranes and/or uptake of the dyes by means other than the proton gradient. The difference observed between parental and metaxin-deficient or Bcl-X L -overexpressing cells in their accumulation of Rh123 or DiOC (6) in the presence of FCCP is not likely to be caused by nonspecific binding of dyes, because the size and number of mitochondria per cell were comparable in all three lines (Fig. 4C) . TNF stimulation did not have a significant effect on mitochondrial quantity or size. Since the level of Rh123 or DiOC (6) accumulation reflects the balance between the dye influx and efflux, metaxin deficiency or Bcl-X L -overexpression in L929 cells could either decrease the proton gradient-independent influx of the dye, or increase the dye efflux.
Metaxin-deficient, MetaΔTM/C-expressing, and Bcl-X Loverexpressing cells show a quicker release of Rh123 in comparison with parental cells
To determine whether there is a difference among the parental, Meta mut , and Bcl-X L cells in Rh123 release from the mitochondria, we loaded the cells with Rh123 and then replaced the medium with an Rh123-free medium. The cells were left untreated, or were treated with TNF; Rh123 fluorescence was measured at different time points after the cells had been placed in the Rh123-free medium. As shown in Fig. 5A , Rh123-staining was gradually reduced in all three lines, while the parental L929 cells had a significantly slower reduction of Rh123 fluorescence (T 1/2 is about 3 h) than the other two lines (T 1/2 = 2/3 h). TNF-treatment for 2-6 h did not influence the rate of Rh123 release in any of the three lines (data not shown). The PT inhibitor CsA (Liu and Colombini, 1992; Pastorino et al., 1996) inhibited the Rh123 reduction in all three cell lines (right panel of Fig. 5A ), confirming that Rh123 was loaded into the mitochondria and released after Rh123 was removed from the cell culture media. This also suggests that PT is involved in the release of Rh123. The kinetics of Rh123 release from the mitochondria (Fig. 5A ) and FCCP-induced reduction of Rh123 (Fig. 4B) were very similar, suggesting that the difference in the rate of Rh123 release was, at least in part, responsible for the difference in the proton gradient-independent Rh123 accumulation observed in the three cell lines (Fig. 4A) .
To determine whether the quicker release of preloaded Rh123 is correlated with TNF resistance in different cell lines, we examined parental, metaxin-transfected, or MetaΔTM/Ctransfected L929 cells, and parental, MetaΔTM/C-transfected, or Bcl-X L -transfected MCF-7.3.25 cells. As shown in Fig. 5B and 5C, the cells transfected with MetaΔTM/C or Bcl-X L , which are resistant to TNF-induced killing (Fig. 2) , released Rh123 more rapidly than TNF-sensitive cells. Therefore, there is a good correlation between TNF resistance and the rate of Rh123 release. Rh123 is a cell-permanent cationic and fluorescent dye that is accumulated in the matrix of active mitochondria as a result of the mitochondrial membrane potential. The levels of Rh123 in mitochondria are determined by the balance between the Δψ m -dependent influx of the dye and the efflux of Rh123. Rh123 was normally not retained in cells when they were removed from the media, which is due to a cessation of its influx. It is believed that the release of Rh123 is not regulated because the dye is freely membrane-permeable. However, Rh123 release from the mitochondria may not be as free as was previously thought. The PT inhibitor CsA can inhibit the release of preloaded Rh123 in all of the cell lines tested (Fig. 5A-C) . The reported observation that many carcinoma cells retain Rh123 for longer periods of time also suggests that the release of molecules like Rh123 can be controlled (Bernal et al., 1982; Nadakavukaren et al., 1985) . Since the difference in the rate of Rh123 release among TNFresistant and TNF-sensitive cells was observed in the resting stage, and since TNF treatment had no effect on the speed of Rh123 release, the difference in Rh123 release cannot be a result of an altered TNF response in TNF-resistant cells, but instead, it must be a direct consequence of Bcl-X L -overexpression or metaxin deficiency. Because both metaxin and Bcl-X L are located on the outer mitochondrial membrane, we sought to determine whether the increased Rh123 release in Meta mutand Bcl-X L -transfected lines was related to mitochondrial membrane structure by disrupting the outer mitochondrial membrane with digitonin (Dig) in vitro. We loaded mitochondria with Rh123 and then placed the cells in an Rh123-free medium. Mitochondria were isolated from different cells at different times after being changed to the Rh123-free medium. Rh123 intensity was measured using half of the mitochondria samples. The remaining mitochondrial samples were treated with digitonin to permeabilize the outer mitochondrial membrane before measuring Rh123 intensity. Mitochondria isolated from the parental line exhibited greater Rh123 retention than those from Meta mut cells (Fig. 5D ), which is consistent with the results obtained using whole cells (Fig. 5A ). Permeabilizing the outer mitochondrial membrane produced no changes in the Rh123 staining of mitochondria isolated from Meta mut cells. Similar results were obtained using Bcl-X L cells (data not shown). By contrast, digitonin treatment reduced Rh123 retention in mitochondria isolated from parental cells (Fig. 5D ). When the PT inhibitor CsA was included, digitonin treatment led to only a slight decrease in Rh123 staining in mitochondria isolated from parental cells (Fig. 4D) , suggesting that CsA inhibits Rh123 release at a very early step. It appears that both metaxin-deficient and Bcl-X L -overexpressing cell lines harbor mitochondrial membrane alterations, leading to their increased permeability to Rh123.
The regulated opening of PT pore does not change the speed of Rh123 release.
In many models of death induction, the reduction of the Δψ m is observed shortly before other features of cell death (Kroemer and Reed, 2000) . It is believed that the reduction of Δψ m is a consequence of the PT pore opening. The inhibitory effect of CsA on Rh123 release suggests an involvement of the PT pore in the release of preloaded Rh123 from the mitochondria. It is important to note that the efficiency of the CsA blockage of Rh123 release in parental, metaxin-deficient, and Bcl-X L -overexpressing cells is the same (Fig. 4) , suggesting that the site targeted by CsA in the release of Rh123 is different from the site influenced by metaxin deficiency or Bcl-X L overexpression. To further examine whether the different rates of Rh123 release in metaxin-deficient and Bcl-X Loverexpressing cells is related to the PT pore opening during cell death, we used lonidamine (LND), an antineoplastic drug free medium. Cells were harvested and mitochondria were isolated. Half of the mitochondrial samples were treated with 0.12% digitonin (Dig) for 2 min and the other half were left untreated. Rh123 intensity was measured using flow cytometry. Five μM CsA was added to the indicated samples. The mean value of the sample processed in the presence of CsA, and without digitonin treatment, was used as 100% for purposes of calculating relative Rh123 intensity. Permeabilizing the outer mitochondrial membrane reduced Rh123 retention in parental cells.
that directly opens the PT pore to induce cell death (Ravagnan et al., 1999) . Cells began to die about 8 h after LND treatment, with parental cells demonstrating a higher mortality rate (36%) compared to Meta mut (3%) or Bcl-X L cells (6%) (Fig. 6A) . A reduction in Δψ m was observed before cells began to die, and the resistant lines had a smaller Δψ m reduction compared to the parental line (Fig. 6B) . We preloaded mitochondria with Rh123 and then measured the speed of Rh123 release after LND treatment. As in the absence of LND treatment (Fig. 5A ), Rh123 release was still more rapid in resistant lines in the presence of LND (Fig. 6C) , suggesting that PT opening by LND does not impact the rate of Rh123 release.
DISCUSSION
It is known that mitochondria play an important role in TNFinduced death in L929 and MCF-7 cells (Golstein et al., 1991; Fiers et al., 1999) . Our previous work demonstrated that the mitochondrial outer membrane protein metaxin is required for TNF-induced cell death . In this study, we analyzed the death resistance in metaxin-deficient cells in parallel with Bcl-X L -overexpressing cells, and showed that a common feature of metaxin deficiency and Bcl-X Loverexpression is the more rapid release of Rh123 from the mitochondria when compared to wild-type parental cells. The correlation between quicker Rh123 release and death resistance suggests that mitochondrial structures that control the Rh123 release may influence TNF-induced cell death. Our data indicate that the quicker release of preloaded Rh123 mediated by metaxin deficiency and Bcl-X L -overexpression is not related to the regulated closing and opening of the PT pore, and is likely due to an unknown structural alteration of the mitochondrial outer membrane.
The inhibitory effect of CsA on Rh123 release may be exerted at the inner membrane part of PT pore because the mitochondrial target of CsA, cyclophilin, is located inside the inner membrane (Kunz and Hall, 1993) . This is consistent with the data showing that the efficiency of CsA's blockage of Rh123 release in parental, metaxin-deficient and Bcl-X Loverexpressing cells is the same (Fig. 5A ) because metaxin and Bcl-X L are located on the outer membrane of the mitochondria. Metaxin and Bcl-X L may interact with the outer membrane components of the PT pore, such as VDAC, and thereby influence the PT pore. However, this cannot explain why CsA inhibits Rh123 release and blocks cell death, while metaxin deficiency or Bcl-X L -overexpression increases Rh123 release and also inhibits cell death. One of the possibilities is that the rate of Rh123 release is not related with cell death. However, the correlation is observed not only in L929, but also MCF-7 cells, suggesting that there is an intrinsic linkage between the mitochondrial machineries in control of cell death and Rh123 release.
The PT pore is believed to reside in the across sites of contact between the inner and outer membranes. However, the association of pore components in the inner membrane (such as ANT) and the outer membrane (VDAC) could be dynamic. It is believed that PT pore components in the inner mitochondrial membrane control the state of the PT, and the outer mitochondrial membrane is not believed to be a barrier to small molecules because VDAC is a large channel that, in its opening configuration, is permeable to uncharged molecules up to~5000 kDa. However, a study showed that outer membrane permeability to metabolic compounds was reduced in the cell death process . Since metaxin and Bcl-X L are outer mitochondrial membrane proteins, the quicker release of Rh123 mediated by metaxin deficiency and Bcl-X L -overexpression is independent from the regulated opening and closing of the PT pore, and therefore, it is possible that the permeability of the outer mitochondrial membrane contributes to the phenomenon observed in this study. One can assume that TNF-induced dysfunction of the mitochondria, such as in massive ROS production in the matrix, may be associated with mitochondrial depolarization (Schulze-Osthoff et al., 1992) , which leads to a movement of molecules or ions from the matrix into the intermembrane space. If this occurs more quickly than the rate of diffusion through the outer membrane, osmolarity will be increased in the intermembrane space and pressure will build up on the outer membrane, leading to membrane damage. Either Bcl-X L -overexpression or metaxin deficiency alone may increase outer membrane permeability, creating a bypass that alleviates the pressure imposed on the outer membrane. CsA may attenuate PT pore opening to prevent mitochondrial depolarization, thus inhibiting the efflux from the matrix to the intermembrane space. This model explains our observation that both blocking Rh123 release at an inner membrane site by CsA and increasing Rh123 release by alteration of outer membrane by metaxin deficiency or Bcl-X L overexpression inhibit cell death. However, we do not have sufficient evidence to draw a conclusion at this moment. Nevertheless, Bcl-X Loverexpression and metaxin deficiency appear to alter outer mitochondrial membrane permeability and therefore influence cell death.
The importance of the outer mitochondrial membrane in cell death has been well documented (Vander Heiden and Thompson, 1999) . The release of apoptogenic factors originally located in the mitochondrial intermembrane space through the outer membrane is a common trigger for many types of cell death. However, the mechanism by which the outer membrane controls cell death is still controversial. Bax, a pro-apoptotic member of the Bcl-2 family, has been shown to interact directly with VDAC and accelerate the opening of VDAC in artificial VDAC liposomes, whereas Bcl-X L closes this porin when added to reconstituted liposomes (Shimizu et al., 1999) . Bax-mediated Cyt c release in isolated yeast mitochondria is dependent on VDAC (Shimizu et al., 1999) , and can be prevented by Bcl-X L (Shimizu et al., 1999) . However, Bax-induced yeast killing is not VDAC-dependent (Gross et al., 2000; Harris et al., 2000) . Rather, a recent report suggests that Bcl-X L -overexpression actually prevents VDAC from assuming its closed configuration . Therefore, whether and how Bcl-2 family members exert their effects on apoptosis through interaction with VDAC remains unclear.
It should be noted that Rh123 is a cation. An in vitro study shows that closure of VDAC does not reduce cation flux (Liu and Colombini, 1992) , suggesting that there may be an involvement of other kinds of porin(s). It is known that Bcl-X L can form channels by itself (Minn et al., 1997) , thus increase the permeability of the outer mitochondrial membrane. The involvement of the general import pore (GIP) in metabolic transport across the outer mitochondrial membrane was suggested recently (Kmita and Budzinska, 2000; Antos et al., 2001) . It is possible that metaxin influences the outer mitochondrial membrane permeability via GIP. Whether an increase in outer membrane permeability generally favors cell survival in other cell systems is a subject for further investigation.
In summary, we compared Bcl-X L overexpression-and metaxin deficiency-mediated resistance to TNF-induced cell killing in both L929 and MCF-7 cells. A common feature found in both cell lines is an increased rate of Rh123 release from the mitochondria. Such a change is most likely caused by an alteration of the outer mitochondrial membrane and is linked to the acquired resistance to TNF-induced cell killing. We suggest that the increase in outer membrane permeability reduces the pressure imposed on the outer mitochondrial membrane from the intermembrane space, and helps to prevent the loss of outer mitochondrial membrane integrity and subsequent cell death.
MATERIALS AND METHODS
Cells and cell culture L929 murine fibrosarcoma cells from ATCC were cultured in RPMI-1640 medium, supplemented with 10% fetal bovine serum, 100 units of penicillin G sodium/100 μg/mL streptomycin sulfate, 292 μg/mL Lglutamine, 10 mM HEPES, 100 μM non-essential amino acids mixture, and 1 mM sodium pyruvate (Gibco BRL, NY). TNF sensitivity was tested, revealing a < 1×10 -6 spontaneous survival rate at a dose of 100 ng/mL TNF for 48 h. No nuclear condensation, DNA fragmentation, Cyt c release, caspase-3 activation, or PARP cleavage was detected during TNF treatment. Stable cell lines derived from L929 cells were established either by retroviral infection or plasmid transfection with the GenePorter TM transfection reagent (GTS Inc., San Diego, CA). Selection of transfected clones was performed by adding 1 mg/mL G-418 or 10 μg/mL blasticidin S (Invitrogen, San Diego, CA) to the culture medium.
Induction of cell death and cell survival assay using propidium iodide or annexin staining
Mouse recombinant TNF was used at a concentration of 100 ng/mL unless otherwise indicated. Antimycin A (Sigma, St. Louis, MO) was dissolved in ethanol to a final concentration of 10 μM. Plasma membrane integrity was determined according to the exclusion of propidium iodide (PI). Cells were trypsinized and collected by centrifugation. Cells were then washed once with PBS and resuspended in PBS containing 1 μg/mL propidium iodide (Sigma) and quantified by flow cytometry on a FACScan flow cytometer (Becton Dickinson, AZ) with CellQuest TM acquisition/analysis software. The annexin V-FITC kit (Roche Molecular Biochemicals, Idianapolis, IN) was used to measure PS flipping according to the manufacturer's protocol.
Measurement of ATP levels
Intracellular ATP levels were measured using the ATP Bioluminescence assay kit HS II (Roche Molecular Biochemicals), following the manufacturer's protocol. Luciferase reagent (50 μL) was automatically injected into 50 μL of each cell lysate and the luminescence was analyzed after a 1.6 s delay and 5 s integration with a MicroLumatPlus microplate luminometer (EG&G Berthold, Gaithersburg, MD).
Mitochondrial isolation and analysis
Cells, prestained with rhodamine, were lysed by 20 strokes in a Dounce homogenizer (pestle B) and the mitochondrial fraction was obtained by differential centrifugation as described . The mitochondrial pellets were resuspended in assay buffer (220 mM mannitol, 70 mM sucrose, 2 mM HEPES, 0.2 mM EGTA, 5 mM succinate, 0.5% BSA, and 5 μM rotenone) and mitochondrial size was determined by flow cytometry. Permeabilization of the outer membrane of the mitochondria was achieved by treating isolated mitochondria with digitonin (0.12%) (Calbiochem La Jolla, CA) for 5 min as described (Schnaitman and Greenawalt, 1968; Vander Heiden et al., 2000) .
Mitochondrial staining
For the measurement of mitochondrial membrane potential, cells were incubated with 5 μM Rh123 or 100 nM DiOC (6) (Molecular Probes, OR) for 30 min before collection and analysis by flow cytometry. Plasma membrane potential was determined by staining the cells with Rh123 in either complete medium with 140 mM NaCl, or 140 mM KCl, the later abolishes plasma membrane potential and a subtraction yields plasma membrane potential. For measuring the number of mitochondria, 200 nM MitoTracker Green FM (Molecular Probes) was added to the cells 1 h before analysis by flow cytometry. For the measurement of rhodamine retention, cells were pretreated with 5 μM Rh123 for 30 min. Then, excess rhodamine was removed by washing, and the cells were incubated at 37°C for the indicated lengths of time before cellular levels of Rh123 were measured by flow cytometry.
Other measurements
Mitochondrial ROS was measured using dihydrorhodamine 123 (DHR123) or hydroethidine (HE) as described (Goossens et al., 1995) . Proliferation was measured using 3 H-thymidine incorporation.
Cyt c redistribution was determined by the fractionation of the mitochondria and the cytosol, and was analyzed by Western blotting as described (Yang et al., 1997) . Caspase activity was measured using a colorimetric caspase assay kit (Calbiochem, San Diego, CA). Nuclear condensation and fragmentation were determined by staining the cells with HOE 33258 (Sigma).
